We demonstrate locally coherent heteroepitaxial growth of silicon carbide (SiC) on diamond, a result contrary to current understanding of heterojunctions as the lattice mismatch exceeds 20%. High-resolution transmission electron microscopy (HRTEM) confirms the quality and atomic structure near the interface. Guided by molecular dynamics simulations, a theoretical model is proposed for the interface wherein the large 1 arXiv:2002.07314v1 [cond-mat.mtrl-sci] 18 Feb 2020 lattice strain is alleviated via point dislocations in a two-dimensional plane without forming extended defects in three dimensions. The possibility of realising heterojunctions of technologically important materials such as SiC with diamond offers promising pathways for thermal management of high power electronics. At a fundamental level, the study redefines our understanding of heterostructure formation with large lattice mismatch.
ported 21 which were surrounded by unoriented and polycrystalline material with poor interface characteristics. Unfortunately, the mismatch-induced strain in the AlN and AlGaN/GaN structures is relieved by a high density of defects in the AlN lattice which also created a large amount of dangling bonds 26 and high electron mobility transistors made of AlGaN/GaN on diamond required thick buffer layers to construct operational devices. [27] [28] [29] Photon Energy (eV) In this work we demonstrate that SiC can be grown heteroepitaxially on single crystal diamond, producing a coherent and seemingly strain-free interface in localized regions by utilizing Si surface termination procedures developed in earlier work. 30 The absence of measured strain here is remarkable given the approximate 22% lattice mismatch of SiC relative to diamond and the high degree of coherence between the lattices suggests that conventional strain relief mechanisms are not present. Atomistic simulations are performed to understand the nature of the interface and suggest that the lattice mismatch is resolved through bonding reconstructions that are restricted to the interfacial layers without extending into the grown film. These reconstructions eliminate dangling bonds that otherwise exist at low-quality, highly-mismatched interfaces.
A high-resolution transmission electron microscopy (HRTEM) image of the fabricated interface is shown in Fig. 1 with accompanying Fast Fourier Transforms (FFTs) and a Near Edge X-ray Absorption Fine Structure (NEXAFS) spectrum. Fig. 1a shows three distinct layers: a protective layer of graphite used for TEM handling, the grown SiC film with a cubic lattice structure, and the diamond substrate. The 3C-SiC layer is confirmed with NEXAFS in Fig. 1b [31] [32] [33] and its stoichiometry is shown in the XPS (see SI). The grown 3C-SiC layer, seen in Fig. 1a , is approximately 10 nm thick and not atomically smooth nor perfectly homogenous with noticeable shadow contrasting around the interface. This is due to changes in material density that occur though the sample lamella (∼100 nm thick) and strain from localized and extended defects. Despite this, the crystallinity in both the grown layer and substrate is evident, as seen in the inset which is the calculated FFT of the TEM image Fig. 1a . Importantly, no major strain-relieving threading dislocations are observed to propagate into the bulk on either side of the interface. Fig. 1c is the enlarged area highlighted in Fig. 1a with a dashed box where high coherence between 3C-SiC and diamond is seen to cover several nanometers. Despite the coherence, the two materials are very slightly misoriented by approximately 1 • , as shown in orange, comparable to the literature values of 0.52 • when diamond was seeded on a 3C-SiC substrate. 34 Coherence over 5-10 nanometres without extended defects in the grown layer indicate that a periodic bonding structure exists at the interface.
The quality of the interface is further demonstrated by the FFT shown in Fig. 1d , which is calculated from Fig. 1c . Here, the bright diffraction signals are arranged into inner and outer hexagons which are calculated from the delineated areas in Fig. 1c interfaces with one-dimensional schematics that do not account for the more difficult twodimensional problem. Fig. 2c shows that the 4:5 combination is not the only possibility for the SiC/diamond interface, since adding an extra unit cell to both sides of the interface yields a 5:6 ratio with a slightly lower supercell mismatch of 1.8%. More interesting is a 9:11 ratio for which the mismatch falls to an astonishingly low 0.008%. The 9:11 ratio has previously been noted when patches of coherent diamond grew on 3C-SiC, 21 but no quantitative bonding arrangement was provided. This configuration, which involves two dislocations as indicated by the orange text in Fig. 2c , is the focus of our attention for the 6 remainder of this manuscript.
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Si sp C of these ratios correspond to small supercell mismatches as seen in Fig. 2 .
In the third step, we manually assemble the 4:5 motif adjacent to a 5:6 motif to create a reconstruction for the 9:11 ratio, yielding two dislocations. In the transverse direction the annealing simulations reveal additional dislocations every 4 or 5 SiC unit cells. This arrangement is also manually assembled. Next we remove two-fold coordinated (sp-bonded) carbons created by the second set of dislocations. The annealing simulations reveal these can be reconstructed in a 2×1 manner analogous to diamond and silicon (001) surfaces, thereby forming sp 2 bonds. Since a 2×1 arrangement requires an even number of diamond unit cells, we duplicate the system along one axis to achieve an 18:22 ratio, followed by an energy minimization. As this doubling is a minor detail, all further discussion displays only a single 9:11 section.
Diagrams of the 9:11 interface are illustrated in Fig. 3 . To quantify the energetics of the reconstruction, the total potential energy was decomposed into atomic contributions and visualised (Fig. 4a) . Away from the interface the atoms adopt the bulk values for diamond and SiC; these compare well to their experimental values of −7.37 eV/atom 40 and −6.34 eV/atom, 41, 42 respectively. The potential energy gradient seen in Fig. 4a shows that strain is confined to the interfacial region. The atoms with the most positive potential energy are the interfacial Si atoms (−5.70 eV/atom) and the π-bonded carbon atoms (−6.28 eV/atom). However, within a few atomic layers of the interface the potential energy returns to the bulk values, indicative of zero strain. This effect is quantified in Fig. 4b which plots the layer-averaged potential energy as a function of distance from the interface. On the SiC side only two layers deviate significantly from the bulk, showing that strain is quickly removed as distance from the interface increases. On the diamond side the strain field penetrates slightly further, reflecting the high stiffness of diamond and non-ideal structures such as pentagonal and heptagonal rings (Fig. 3d ). Summing the energy cost represented by the green shading in Fig. 4b yields a relatively modest interfacial energy of 2.87 J/m 2 . For comparison, the surface energy of 2×1 reconstructed diamond with the Tersoff potential is 6.20 J/m 2 , while the corresponding value for the Si-rich surface of SiC is 4.01 J/m 2 . This demonstrates that the 9:11 interface provides a low-strain connection between the two lattice types.
Based on the experimental evidence seen in Fig. 1c , which shows an interface with low strain and high coherence, the 9:11 surface reconstruction demonstrated in Fig. 3f becomes the most likely interface for the region of high crystalline quality as it resolves the surprising coherence and strain issues. Due to the inhomogeneity at the interface with the fabrication procedure, however, it would be challenging for the uniform periodic structure to form across the entire interface. This is partially accommodated for by the ability of carbon to form π and σ bonds which resolves instances of high strain, but will result in extended defects in larger regions, as seen in Fig. 1a . If greater control over carbon bond manufacturing at the interface was available, not only 3C-SiC, but other materials with large lattice mismatches could form low strain and highly coherent heterostructures with diamond.
In this paper we have shown both theoretically and experimentally that it is possible to form an atomically sharp and minimally strained 3C-SiC film on a single crystal diamond substrate in localized regions. Simulations indicate that this is achieved with an optimal supercell ratio of 9:11 that removes dangling bonds and requires two rows of point dislocations in the [110] and [110] direction. This is further corroborated through strain calculations that demonstrate that the misfit strain is relieved within five monolayers of the interface. Thus, the high quality interface observed in the experiment is a likely realization of the mechanism suggested by this simulation in localized areas despite the auto-nucleation at the interface.
Such a high crystalline quality interface is expected to allow for a minimal thermal barrier junction, enabling improved device performance for high temperature electronic applications.
Methodology
A single type Ib 100 crystal with a thin (< 1 µm) type IIb diamond overlayer was inserted into vacuum after a short diamond growth which ensured the sample had a clean, highquality, hydrogen-terminated diamond surface. The single crystal 100 diamond substrate was transferred from the Melbourne Centre of Nanofabrication to the Soft X-ray Spectroscopy beamline, located at the Australian Synchrotron. Here, it was annealed at 450 • C for 2 hours to remove possible surface contaminants and adsorbates under UHV. To avoid contamination, the entire growth, LEED, and XPS experiments were performed without removing the sample from UHV conditions. The sample was then flash annealed to 1000 • C in UHV to remove the hydrogen termination and reconstruct a clean 2 × 1 carbon surface, confirmed to be free of oxygen via XPS. A monolayer of Si was then evaporated onto the substrate and the sample was again flash annealed to 1000 • C to form a 3 × 1 Si-terminated diamond surface as confirmed by LEED. 30 Approximately 5 nm of Si was then thermally evaporated onto the Si-terminated diamond at room temperature over a period of 9 hours and 25 minutes. After the deposition the sample was annealed to 1350 • C and the formation of SiC was verified via NEXAFS and XPS. High-resolution Transmission Electron Microscopy was conducted ex-situ to further study the resultant SiC-on-diamond heterostructure.
The molecular dynamics simulations were performed using the LAMMPS package. 39 Interactions were described using the Tersoff potential for silicon-carbide, 38 which is based on earlier Tersoff potentials for silicon 43 and carbon. 44 With this potential all interactions are captured in a single framework. The interface was rectangular in shape, with the SiC side Visualization was performed using the OVITO software. 46 
